The main hypothesis of this work is that facultative and obligate heterofermentative Lactobacillus species can differently impact the final characteristics of pizza. The objective was to evaluate separately the behavior of the facultative heterofermentative species (FHS), such as Lactobacillus sanfranciscensis, Lactobacillu brevis, and Lactobacillus rossiae, and to obligate the heterofermentative species (OHS), including Lactobacillus plantarum, Lactobacillus graminis, and Lactobacillus curvatus, in the sourdoughs to be used for pizza production. The production of the experimental pizzas was carried out with semolina (Triticum turgidum L. ssp. durum). The acidification process, followed by pH, total titratable acidity (TTA), and lactic acid bacteria (LAB) development indicated for all of the experimental trials kinetics is comparable to those of the controls. The fermentation quotient of the FHS trial was particularly higher than that of the other trials, including the control production performed with a sourdough inoculum used in an artisanal bakery. The dominance of the added strains indicated the clear persistence of L. sanfranciscensis PON 100336, L. brevis 200571, and L. plantarum PON 100148 in the obligate-facultative heterofermentative species (OFHS) trial. The pizzas were baked without seasoning in order to investigate weight loss, color, morphology, and a generation of volatile organic compounds (VOCs). The data showed the differences among trials regarding the inocula. Eight classes of VOCs were detected in the pizza samples with aldehydes, esters, alcohols, and acids as major compounds. The sensory attributes were significantly different for the judges and the pizzas. The multivariate statistical approach found marked differences among the trials. The results indicated that the application of mixed cultures of the facultative heterofermentative species of Lactobacillus determined high quality pizzas.
Introduction
The production of traditional pizza has remained almost unchanged for centuries and can be assumed as a simple process; the ingredients, mainly flour/semolina, water, salt, and a leavening agent are mixed together [1] . Traditionally, pizza is produced with sourdough technology [2] , which is an ancient practice well appreciated in modern times for its numerous advantages over baker's yeast [3] . Sourdoughs are considered extremely complex ecosystems where lactic acid bacteria (LAB) represent Lactobacillus brevis, L. rossiae, L. plantarum, and L. curvatus were reactivated in the modified-MRS (mMRS) broth [15] , while L. sanfranciscensis and L. graminis in were reactivated in the sour dough bacteria (SDB) broth [17] overnight at 30 • C.
Inoculum Preparation and Sourdough Production
Three multi-strain starter cultures were prepared, one with the obligate heterofermentative species (OHS), one with the facultative heterofermentative species (FHS), and one with all of the strains together (OFHS) . Each strain was previously tested singly in other works [14] [15] [16] 18] . The strains were prepared individually after centrifugation of the overnight cells at 5000× g for 5 min by washing twice and re-suspension in Ringer's solution (Oxoid) until reaching an optical density at 600 nm of ca. 1.00, which approximately corresponds to a concentration of about 10 9 CFU/mL for lactobacilli [16] . The adaptation of the strains to the substrates occurred in sterile conditions; each single inoculum (1%, v/v) was then propagated into a sterile semolina extract (SSE), prepared as described by Alfonzo et al. [19] , and incubated at 30 • C for 24 h. The multi-strain inocula were obtained by the contemporary addition of the fermented SSE to the corresponding raw materials, and were mixed with water. The combination of the three inocula with semolina, determined the three experimental trials: OHS, FHS, and OFHS. A sourdough (F1), available at bakery level and microbiologically characterized in the literature [16] , was used for the control (CTR) trial.
The initial doughs were prepared with a dough yield (weight of the dough/weight of the flour or semolina × 100) of 160. Each dough of 640 g was obtained by adding 240 mL of the triple-strain cell suspension (6.4 mL of each inoculum and 220.8 mL of still mineral water [Nestlè Vera, San Giorgio in Bosco, Italia] mixed into a sterile glass flask) to 400 g of semolina, reaching a final cell density of about 10 6 CFU/g. The kneading was performed by the mechanical mixer of the SilverCrest Bread Maker SBB 850 A1 (Kompernass GMBH, Bochum, Germany) for 15 min. Each dough (D) was then transferred to 2 kg cylindrical glass jars (Vetreria di Borgonovo, Borgonovo, Italy) and incubated at 30 • C for 21 h to obtain the sourdoughs. All of the sourdoughs, including the controls, (200 g) were refreshed as indicated by a local pizza chef with the addition of 125 g of semolina and 75 mL of water, mixed mechanically and incubated at 30 • C for 21 h. After six consecutive refreshments (RI-RVI), finally, the sourdoughs were used for pizza dough (PD) fermentation, following a classical regional recipe as follows: 64 g of each sourdough was mixed individually with 360 g of semolina, 216 mL of water, and 7.2 g of salt, and incubated at 30 • C for 8 h. All of the trials were carried out in duplicate after two weeks.
Chemical Analyses of Sourdoughs
The measurement of the pH was performed by the Lab pH Meter Model pH 50 (XS Instruments, Carpi, Italy) on 10 g sourdough samples. The monitoring of the acidification process also included the determination of the total titratable acidity (TTA) trough titratation with 0.1 N NaOH of sourdoughs (10 g), after homogenization with distilled H 2 O (90 mL) by means of the Sorvall Omni-Mixer (Dupont Instruments, Newtown, CT, USA) for 1 min at the highest speed. The samples were analyzed at T0 and at 2 h-intervals for the first 8 h, and then at 21 h. These measurements were carried out in triplicate. The results of the TTA were expressed as mL of NaOH/10 g of sourdough.
Lactic and acetic acids were determined by high performances liquid chromatography (HPLC), as reported by Alfonzo et al. [14] . The pizza dough samples were collected just after preparation (T 0 ) and at the end of fermentation (T 21 ), and were treated as reported above for the TTA measurements, and were analyzed as follows: 10 mL of each suspension was added with 5 mL of 1 mM a HClO 4 solution; the mixtures were centrifuged at 4000× g for 15 min at 15 • C, and the supernatants were acidified to pH 3.0 ± 0.1 with 1 mM HClO 4 , and brought to the final volume of 25 mL with distilled H 2 O; the solutions were left in ice for 30 min and filtered through 0.45 mm cellulose filters (Millipore). The data were acquired and processed with the PerkinElmer software specific to the HPLC instrument (TotalChrom Workstation 2008 rev. 6.3.2). The chemical determinations were carried out in triplicate. The molar ratio between the lactic and acetic acid concentration, referred to as the fermentation quotient (FQ), was also calculated for all of the pizza dough samples.
Microbiological Analysis and Monitoring of the Added Strains
The levels of the main microbial groups in the sourdoughs were estimated at T 0 , T 8 , and T 21 . The pizza doughs were analysed at T 0 and at the end of fermentation (T 8 ). Each sample (15 g) was homogenized in Ringer's solution (135 mL) (Sigma-Aldrich, Milan, Italy) by means of a stomacher (BagMixer ® 400; Interscience, Saint Nom, France). After the serial decimal dilution, the cell suspensions were analyzed by spread plating, on plate count agar (PCA) incubated at 30 • C for 72 h for total mesophilic count (TMC); SDB agar, added with cycloheximide (10 mg/mL) to avoid fungal growth, incubated at 30 • C for 48 h for LAB; and Wallerstein laboratory (WL) nutrient agar, added with chloramphenicol (0.05 mg/mL) to avoid bacterial growth, incubated at 28 • C for 72 h for total yeasts. All of the media and chemical components were purchased from Oxoid. The plate counts were performed in duplicate.
The dominance of the strains that were added in the three trials was verified only at the end of fermentation the (21 h) for the sourdoughs at the sixth refreshment and for the pizza doughs (8 h). The colonies developed from the highest dilutions of the cell suspensions plated on the SDB were randomly collected (at least three identical colonies) and, after purification by three successive sub-culturing on the same medium, treated with KOH (3%, w/v) to determine the Gram type and with H 2 O 2 (5%, v/v) to evaluate the catalase activity [20] . The Gram-positive and catalase-negative cultures were analyzed using the randomly amplified polymorphic DNA (RAPD)-PCR technique, as reported in the literature [21] . The amplicons were separated by electrophoresis on 1.5% (w/v) agarose gels (Gibco BRL, Cergy Pontoise, France) using a GeneRuler 100 bp Plus DNA ladder (M Medical Srl, Milan, Italy) as molecular size markers. The polymorphic profiles of the LABs were visualized by UV trans-illumination, after staining with the SYBR ® safe DNA gel stain (Molecular probes, Eugene, OR, USA) and acquired with the GelCompar II software version 6.5 (Applied-Maths, Saint-Marten-Latem, Belgium), which was also used to compare the resulting RAPD patterns to those of L. sanfranciscensis PON 100336, L. brevis 200571, L. rossiae PON 100500, L. plantarum PON 100148, L. graminis PON 100244, and L. curvatus PON 100490.
Pizza Baking and Analysis
After fermentation, the pizza doughs were passed through the sheeting machine Atlas mod. 150 (Marcato S.p.a., Campodarsego, Italy) to reach the thickness of 1.5 mm [22] . The discs of a 10 cm diameter were cut with a circular stainless steel molder with a final weight of approximately 20 g. The pizza discs were baked in a PizzaCLUB oven (ITALKERO SRL, Modena, Italy) equipped with a refractory stone at a temperature of 380 (top heat) and 310 • C (bottom heat) for 2 min.
The weight of the pizzas was evaluated after cooling at ambient temperature for 15 min. The color was measured on five points of the upper and lower surface of two pizzas for each trial, by means of the Chroma Meter CR-400C colorimeter (Minolta, Osaka, Japan). The Hunter's scale L*, a*, and b* parameters were determined. The upper and lower pizza surfaces were also scanned (Epson Perfection 4180 Photo, Seiko Epson Corp., Japan) with a 300 dpi of resolution, and the images (TIFF format) were subjected to analysis through the ImageJ software (National Institutes Health, Bethesda, MD, USA). Squares of 207 × 207 pixels (corresponding to areas of 15 × 15 mm) were cropped from each image and were converted to grey-level (8 bit) . In order to detect the particle information to get a detailed explanation of the overall pizza morphology, the Otsu's threshold algorithm was applied to obtain binary images. The parameters area (white area and average area of white cells) and shape descriptors (circularity, roundness, and solidity), reported by Ferreira and Rasband [23] , were calculated for each pizza sample.
The volatile organic compounds (VOCs) emitted from the pizzas were analyzed by the solid phase micro-extraction (SPME) isolation technique on 5 g of sample. Each sample was added with 20 µL The analyses were carried out following the methodology described by Corona (2010) and Alfonzo et al. [14] , and the identification of the chemical compounds was performed as reported by Settanni et al. [18] . The semi-quantitative determination was carried out by the method of the internal standard and the contents of the volatile compounds were expressed as µg/kg of pizza. All of the solvents and reagents were purchased from WWR International (Milan, Italy). All of the determinations were performed in triplicate.
Sensory Analysis
The evaluation of the sensory attributes of the pizzas was performed after the propagation of the doughs by an expert pizza chef in a local pizzeria (Frank's PIZZA, Carini, Italy), in order to achieve the real conditions of production. The mature doughs were then moved to a pizzeria (Le Grotte del Kemonia, Palermo, Italy), located at a distance of 70 m from the Department of Agricultural, Food, and Forestry Sciences for the last propagation and baking. Consumer relevant conditions were obtained by seasoning with chopped tomatoes and extra-virgin olive oil. The diameter of the seasoned pizzas was 30 cm. After baking, performed in an artisanal convection oven equipped with refractory stones and heated with olive wood at a temperature of 480 (top heat) and 440 • C (bottom heat) for approximately 3 min, each pizza was cut into triangular portions and transferred to the Laboratory of Food Preparations for tasting.
Fourteen judges, including seven women and seven men ranging from 22 to 63 years old, were trained for the pizza evaluation. The analysis of the experimental pizzas was performed following the ISO 6658 guidelines. The attributes evaluated for each of the samples were selected from those suggested by Comendador et al. [24] , and were adapted from the bread evaluation [25] , including the aspect (crust color, presence of bubbles, and uniformity of bubbles), the smell (odor intensity, yeast odor, and unpleasant odor of crust), the texture (resistance to tearing, and crispness and chewiness of crust), the taste of the crust (sweet, salty, acid, and bitter; taste persistency; aroma intensity; and yeast aroma), and the taste of central part (sweet, salty, acid, and bitter, and the taste persistency). Furthermore, the overall acceptability of the product was also evaluated. Each attribute was scored by means of a line corresponding to a visual scale, with dislike/low quality levels on the left and like/high quality levels of the right. The linear levels (in cm) were measured starting from the lowest point (on the left) until the marks put by the tasters.
Statistical Analyses
The analysis of variance (ANOVA) test was applied to identify significant differences among the chemical, physical, technological, microbiological, and sensory data. The post-hoc Tukey's method was applied for a pairwise comparison in case of microbial counts, organic acids, characteristics of pizza, and sensory scores. A statistical significance was attributed to p values of p < 0.05.
In addition, an explorative multivariate approach was employed to investigate the relationships among the data obtained from the different trials. An agglomerative hierarchical clustering analysis (HCA) was carried out for grouping the experimental pizzas according to their similarity, measured by Euclidean distances; whereas the cluster aggregation was based on the Ward's method [26] . The principal component analysis (PCAn) was performed with all of the data from the sourdoughs and pizzas together. The Barlett's sphericity test [27, 28] was applied to verify the differences that were statistically significant among the data sets of the trials. In order to select the number of principal factors, the Kaiser criterion [29] was applied; the factors showing eigenvalues >1.00 were retained for analysis. The levels of VOCs were graphically reported as a heat map, a representation with the different color intensity (from yellow to red) reporting the relative values of the VOCs, ranging from the lowest (yellow) to the highest (red) concentration, using the auto-scaled data [30] .
The software XLStat version 2014.5.03. (Addinsoft, New York, NY, USA) was used for all of the statistical analyses.
Results and Discussion

Changes of Chemical Parameters
The evolution of the pH of the initial doughs, sourdoughs, and pizza doughs for the three experimental and the control trials are reported in Figure 1 . The most consistent pH drop for the doughs was recorder after 6 h of fermentation. Regarding the sourdough refreshments, the behavior was almost comparable within each trial. The final pizza doughs at the 8th h of fermentations' results were statistically different; however, there were no differences between the pH of the trials carried out with the solely OHS or FHS, for which the results were higher than those of control trial.
experimental and the control trials are reported in Figure 1 . The most consistent pH drop for the doughs was recorder after 6 h of fermentation. Regarding the sourdough refreshments, the behavior was almost comparable within each trial. The final pizza doughs at the 8th h of fermentations' results were statistically different; however, there were no differences between the pH of the trials carried out with the solely OHS or FHS, for which the results were higher than those of control trial.
The acidification of the eight trials was also followed by TTA ( Figure 2 ). This parameter was correlated linearly with pH, as a decrease of the pH corresponded to an increase of the acidity of the doughs, sourdoughs, and pizza doughs.
The concentration of the lactic and acetic acids was determined soon after the pizza dough preparation and after 8 h of fermentation ( Table 1 ). The FQ resulting from the action of the different bacterial inocula was also determined, as the molar ratio between the lactic and acetic acid represents an important parameter affecting the aroma profile of the sourdoughs [3] . The lactic acid concentration was very low just after the ingredient mixing, but, after fermentation, it increased until 3.96 mg/g in the OFHS trial. The highest levels of acetic acid were registered after fermentation in the presence of the obligate heterofermentative LAB alone, or in combination with the facultative heterofermentative species. The dough that was started with the last species was characterized by a very high FQ, before and after fermentation. These results were determined by the very low levels of acetic acid rather than the lactic acid concentrations, which were comparable with those of the other trials. After 8 h of acidification, the pizza doughs produced with OHS and OFSH were characterized by FQs, in the range 1.5-4, which is considered to positively influence the aroma profile and the structure of the final sourdoughs [31] . The concentrations of the lactic and acetic acids and the corresponding FQs were comparable with the values registered for the sourdoughs propagated at an industrial level [12] . Step of production The acidification of the eight trials was also followed by TTA (Figure 2 ). This parameter was correlated linearly with pH, as a decrease of the pH corresponded to an increase of the acidity of the doughs, sourdoughs, and pizza doughs.
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Microbial Evolution and Monitoring of the Added Cultures
The levels of the microbial groups (LAB, TMC, and yeasts) investigated in the doughs, sourdoughs, and pizza doughs are reported in Figure 3 . At the beginning of the process, LABs were detected at the highest levels in the doughs of the control trial. After 8 h of fermentation, the highest LAB levels were detected for the FHS trial and at 21 h, as well as for the OFHS trial. At the end of the dough fermentation, the lowest LAB levels were registered for the control trial. Higher levels of LAB were also found in the experimental trials during the six sourdough refreshments, with almost 1 Log Step of production 
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Figure 2.
Evolution of total titratable acidity (TTA) during the dough preparation, sourdough propagation, and pizza dough production. Symbols: rhombus-CTR-semolina; triangle-OHS-semolina; circle-FHS-semolina; square-OFHS-semolina. 
Microbial Evolution and Monitoring of the Added Cultures
The levels of the microbial groups (LAB, TMC, and yeasts) investigated in the doughs, sourdoughs, and pizza doughs are reported in Figure 3 . At the beginning of the process, LABs were detected at the highest levels in the doughs of the control trial. After 8 h of fermentation, the highest LAB levels were detected for the FHS trial and at 21 h, as well as for the OFHS trial. At the end of the dough fermentation, the lowest LAB levels were registered for the control trial. Higher levels of LAB were also found in the experimental trials during the six sourdough refreshments, with almost 1 Log cycle of difference with the controls on average. This trend was also confirmed for the pizza doughs with levels above 9 Log CFU/g, demonstrating the aptitude of the selected strains to develop at high numbers in the semolina doughs. In general, the numbers of the LAB registered during propagation were in the range commonly found in the mature sourdoughs produced in Sicily at an artisanal and industrial level [12, 16, 32] . Regarding the pizza doughs, the added LAB developed at higher levels than those reported in the literature for the artisanal productions [7] .
The levels of TMC were almost 0.3-1.0 Log cycles lower than those of LAB, confirming previous studies [12, 19] that showed a lower growth of this nutritionally exigent bacterial group on PCA, a substrate with a more limited availability of nutrients than SDB. Furthermore, the last medium is characterized by a pH of 5.6, which favors the growth of the sourdough LAB [19] , while PCA has an almost neutral pH, which represents a stressing growth factor for several LABs [33] .
The yeasts started from an initial level in the range 4.35 Log CFU/g in the control trial and the lower levels in the experimental trials. In particular, the doughs were characterized by levels of about 2.0 Log CUF/g. Unlike the control trial, the experimental trials were started only with LAB, thus, the yeast populations that were detected were those present in the raw material. The levels of yeasts from below 2.0 until 4.0 Log CFU/g have been reported for the semolina samples [19] . The numbers of yeast increased during fermentation. In general, they did not exceeded 10 6 CFU/g in the control trials, while the levels higher than 10 7 CFU/g were registered after fermentation during the refreshments and pizza dough development. In particular, this level was reached at the second refreshment for the experimental trials, with the exception of OFHS from the third-fourth refreshment. The increasing trend for the yeast levels observed by this study was similar to those reported by Corona et al. [12] for the experimental sourdoughs produced with different LAB strains. The ratio between the yeasts and the LAB was almost in the range, 1:100, for the majority of sourdough refreshments and pizza doughs, which is in agreement with those reported in the literature for the sourdoughs produced applying type I technology [19, 34, 35] , which is also applied for pizza production. However, Coppola et al. [7, 8] reported bacteria/yeast ratios for the pizza doughs lower than those of the sourdoughs used in bread production.
In order to confirm the persistence of the starter strains during the refreshment of the sourdoughs until the pizza dough production, a RAPD analysis was applied on the Gram-positive and catalase negative isolates collected from the highest dilutions of the cell suspensions obtained from the sourdoughs at the sixth refreshment, and the pizza doughs at the end of fermentation and plated on SDB. The RAPD profiles of the LAB isolates were compared to those of the pure cultures of the added LAB (Figure 4) . Recently, this strategy has been successfully applied to monitor the dominant fermenting LAB in different sourdoughs propagated at a laboratory and industrial level [12] [13] [14] [15] [16] [17] [18] [19] . The direct comparison of the polymorphic profiles (results not shown) revealed that the sourdoughs and pizza doughs were almost dominated by all of the strains inoculated. In particular, the OHS trials showed similar levels of L. sanfranciscensis PON 100336 and L. brevis 200571, while L. rossiae PON 100500 was at 1 Log CFU/g lower. The FHS trial showed a clear dominance of L. plantarum PON 100148, followed by L. graminis PON 100244. Similar dominant levels of L. sanfranciscensis PON 100336, L. brevis 200571, and L. plantarum PON 100148 were detected in the OFHS trial. These species are known to dominate the traditional type I sourdough processes that are characterized by low incubation temperatures and a continuous back slopping [32] . Furthermore, besides L. sanfranciscensis, which is considered the key sourdough LAB [36, 37] , the species L. brevis and L. plantarum are ubiquitous to these environments [38] . None of the RAPD profiles of the selected added LAB were recognized among the isolates from the control sourdoughs and the pizza doughs, indicating that these trials were fermented by other strains. Step of production Log CFU/g
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Characteristics after Baking
After baking, the pizzas were cooled at room temperature and evaluated for quality characteristics, including weight, color, and morphology ( Table 2 ). The weight loss among the trials were statistically different and the differences regarding inocula were consistent. The highest weight loss (6.57 g) was showed by the FHS trial.
The color parameters of the pizza samples showed different values. L* was higher when the pizzas were produced with an OHS inoculum, while the control trial showed the lowest value. The parameter a* did not follow a definite trend, because negative values were recorded for the OHS and FHS trials. As per the bread, these results confirm that the final color characteristics of the pizzas are influenced by the starter strains [18] and their interactions [12] .
Regarding the information retrieved from the particles on the overall morphology of the pizzas, some differences were evidenced among the trials. As a general observation, the selected LAB determined higher white frequencies than the control sourdoughs in the pizzas. No statistical differences were observed for the three shape descriptors. In particular, the circularity showed values higher than 0.80, showing a high regularity of particles, as a value of 1.0 indicates a perfect circle particle, while a value of 0.0 indicates an increasingly elongated shape [23] . Thus, the shape descriptors were not influenced by the bacterial inocula.
The pizza aroma is formed during kneading, fermentation, and baking; each process is affected by time and temperature. During fermentation, the secondary metabolic activities by the microorganisms lead to the release of a variety of VOCs. Subsequently, during baking, the precursor compounds previously formed lead to a number of volatile compounds, resulting from two non-enzymatic browning reactions, known as the Maillard reactions and caramelization, two phenomena rapidly observable at temperatures higher than 140 °C, in addition to the oxidation of flour lipids [39, 40] . Eight classes of volatile chemicals, including acids, alcohols, aldehydes, esters, furans, ketones, phenols, and terpenes, were detected in the pizza samples. As shown by the dendrogram resulting from the cluster analysis and the heat map ( Figure 5 ), almost 45 VOCs were 
The pizza aroma is formed during kneading, fermentation, and baking; each process is affected by time and temperature. During fermentation, the secondary metabolic activities by the microorganisms lead to the release of a variety of VOCs. Subsequently, during baking, the precursor compounds previously formed lead to a number of volatile compounds, resulting from two non-enzymatic browning reactions, known as the Maillard reactions and caramelization, two phenomena rapidly observable at temperatures higher than 140 • C, in addition to the oxidation of flour lipids [39, 40] . Eight classes of volatile chemicals, including acids, alcohols, aldehydes, esters, furans, ketones, phenols, and terpenes, were detected in the pizza samples. As shown by the dendrogram resulting from the cluster analysis and the heat map ( Figure 5 ), almost 45 VOCs were emitted from each pizza, showing a complexity of chemicals comparable to that generally reported for sourdough breads [41, 42] . The OHS trial clustered with the control trial. These results showed a strong influence of the inoculums used in the dough fermentation for the generation of the VOCs in pizza. Aldehydes, esters, alcohols, and acids constituted the major classes of VOCs for all of the pizzas. D-limonene was the only terpene identified in the pizza obtained with semolina. Among the compounds found at the highest concentrations, acetic acid is due to the action of the heterofermentative LAB [11] , and for this reason, it is poorly represented in the FHS trial. This compound is important in the sourdough product, because it is reported as a flavor enhancer [43] . The production of 3-methyl-1-butanol is responsible for the 'fermented' flavor in sourdough products [44] , and is generally detected in the presence of the combination of a heterofermentative LAB [12] . Other alcohol compounds such as benzyl alcohol and 2-phenylethanol, are responsible for the "pleasant aromatic" and "flowery, yeast-like, and honey" [44] , respectively, and are well represented in pizza. The aldehydes compounds that correlate positively with the aroma of the wheat bread, such [44] as nonanal (citrus, soapy), trans-2-nonenal (fatty, green, tallowy, paper, and cucumber-like), and phenylethanal (floral-green) were also detected. Furthermore, the presence of high concentrations of 5-methyl-2-furfural is common in these kinds of products, because it is a volatile marker of the baking process [45] . emitted from each pizza, showing a complexity of chemicals comparable to that generally reported for sourdough breads [41, 42] . The OHS trial clustered with the control trial. These results showed a strong influence of the inoculums used in the dough fermentation for the generation of the VOCs in pizza. Aldehydes, esters, alcohols, and acids constituted the major classes of VOCs for all of the pizzas. D-limonene was the only terpene identified in the pizza obtained with semolina. Among the compounds found at the highest concentrations, acetic acid is due to the action of the heterofermentative LAB [11] , and for this reason, it is poorly represented in the FHS trial. This compound is important in the sourdough product, because it is reported as a flavor enhancer [43] . The production of 3-methyl-1-butanol is responsible for the 'fermented' flavor in sourdough products [44] , and is generally detected in the presence of the combination of a heterofermentative LAB [12] . Other alcohol compounds such as benzyl alcohol and 2-phenylethanol, are responsible for the "pleasant aromatic" and "flowery, yeast-like, and honey" [44] , respectively, and are well represented in pizza. The aldehydes compounds that correlate positively with the aroma of the wheat bread, such [44] as nonanal (citrus, soapy), trans-2-nonenal (fatty, green, tallowy, paper, and cucumber-like), and phenylethanal (floral-green) were also detected. Furthermore, the presence of high concentrations of 5-methyl-2-furfural is common in these kinds of products, because it is a volatile marker of the baking process [45] . Table 3 reports the results of the sensory tests conducted on the pizzas. All of the sensory attributes were significantly different for the judges and pizzas. The highest scores for crust color were registered in the OHS trial. The presence of bubbles was at highest in the control and FHS pizzas. No big differences were found for the odor intensity among the trials. Yeast and unpleasant odors were very low for all of the pizza samples. The highest values for the resistance to tearing were registered for the OFHS trial, while the crispness was registered for the OHS trial. In general, no consistent differences were found for the sweet and salty taste between the crust and center of pizzas, while the acidity was more appreciated in the central part as a result of the presence of tomato. The control trial results were characterized by a higher taste persistence than the other trials. Finally, higher scores for the overall assessment were showed by the control pizzas, which were comparable to those of the FHS trial. However, for the pizza sensory analysis, the impact of the organoleptic profiles of topping ingredients has to be taken into account [46] . 
Evaluation of the Sensory Attributes of Pizzas
Multivariate Statistical Analysis
The HCA grouped the eight trials into three main clusters, cutting the hierarchical tree diagram at about 25% ( Figure 6 ). The controls were clustered separately from the experimental trials. HCA represents an exploratory data analysis tool aimed at sorting the different objects into groups in a way that the degree of association between two objects is maximal if they belong to the same group, and minimal otherwise [47] .
Regarding PCAn, the six eigenvalues were higher than 1 and the first four accounted for 86.68% of the total variability (data not showed). Factor 1 and Factor 2 together (Figure 7 ) explained 73.19% of the total variability and the 26 groups of variables were expressed as a linear combination of the first two factors. Figure 7A shows the correlation among the components of the PCAn and the variables considered, while the discrimination of the trials is visualized by the plot of scores ( Figure 7B) , showing the projection of the cases onto the planes as function of Factors 1 and 2. The trials were significantly separated along Factor 1 on the basis of PCA, SDB, shape descriptors, phenols, L*, and crust taste. Other variables associated to values of weight loss, FQ, pH, odor, and alcohols affected the distribution of the trials along Factor 2. The score plot clearly shows the far distance among the trials performed with the highest complexity of the selected LAB (OFHS) and the control trial. The last trial was very close to the FHS trial. From a practical perspective, the qualitative and quantitative distances of the individual samples obtained with different inocula provided an explanation of their behavior alone and in combination, and allowed for the interpretation of all of the data together [12] . 
Conclusions
Based on microbiological, chemical, physical, and sensory parameters, the differences/variabilities among the trials evaluated by multivariate relationships indicated that the 
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Based on microbiological, chemical, physical, and sensory parameters, the differences/variabilities among the trials evaluated by multivariate relationships indicated that the pizzas obtained with different inocula were quite distant. In particular, the control trial clustered close to the trial carried out with FHS LAB, indicating that the role of these LAB species is of paramount importance during sourdough pizza propagation. In general, the monitoring of the acidification process indicated the kinetics of evolution of pH and TTA, as well as a LAB development comparable among all of the trials. The highest level of lactic acid was determined for the OFHS trial. The fermentation quotient of the FHS trial was particularly higher than that of the other trials, because of the low acetic acid generation. The most dominant strains were L. sanfranciscensis PON 100336, L. brevis 200571, and L. plantarum PON 100148. Several important differences were found for several physical attributes, and the multivariate statistical approach found marked differences among the trials. In general, the enhancement of the desired flavor attributes, especially the acidic and salty notes, were observed in the presence of the obligate heterofermentative LAB. The final products showing the best overall assessment by the judges were obtained from the control sourdough and the FHS inocula. Thus, the traditional regional habit of using semolina, especially from old T. turgidum ssp. durum genotypes, for pizza production is directly related to the fermentation carried out by facultative heterofermentative LAB species.
